. A three-dimensional culture system allows long-term clonal expansion of single Lgr5 1 stem cells into transplantable organoids (budding cysts) that retain many characteristics of the original epithelial architecture 2, 4, 5 . A crucial component of the culture medium is the Wnt agonist RSPO1 6 , the recently discovered ligand of LGR5 7, 8 . Here we show that Lgr5-lacZ is not expressed in healthy adult liver, however, small Lgr5-LacZ 1 cells appear near bile ducts upon damage, coinciding with robust activation of Wnt signalling. As shown by mouse lineage tracing using a new Lgr5-IRES-creERT2 knock-in allele, damage-induced Lgr5 1 cells generate hepatocytes and bile ducts in vivo. Single Lgr5 1 cells from damaged mouse liver can be clonally expanded as organoids in Rspo1-based culture medium over several months. Such clonal organoids can be induced to differentiate in vitro and to generate functional hepatocytes upon transplantation into Fah 2/2 mice. These findings indicate that previous observations concerning Lgr5 1 stem cells in actively self-renewing tissues can also be extended to damage-induced stem cells in a tissue with a low rate of spontaneous proliferation.
Quiescent liver stem cells are believed to reside in biliary ducts 9 . Sox9-and Foxl1-based lineage tracing have proven the existence of such cells [10] [11] [12] [13] . In the adult liver, the Wnt pathway is exclusively active in hepatocytes that surround central veins (perivenous hepatocytes) 14 . In bile ducts, Wnt signalling becomes active following liver injury 15 . Consistent with these findings, we detected activity of the generic Wnt reporter Axin2-lacZ (ref. 16 ) only in perivenous hepatocytes, and this was upregulated upon induction of liver injury by carbon tetrachloride (CCl 4 ) injection 17 ( Supplementary Fig. 1a , b). Maximal expression occurred between day 3 to 6 after damage ( Supplementary Fig. 1c) . By microarray analysis, we noted induction of Wnt6 (.twofold), of several Rspondins (three-to sixfold) and of many Wnt target genes previously characterized in intestinal crypt cells 8 , including Lgr5 ($twofold). Notably, perivenous hepatocyte Wnt target genes (Glul, Slc1a2, Rhbg and Cyp1a2) 14 were downregulated, indicating that Wnt activation occurred outside perivenous hepatocytes (Supplementary Fig. 1d and Supplementary Table 1) .
In untreated Lgr5-lacZ knock-in mice 1 , Lgr5-lacZ expression was essentially undetectable (Fig. 1a) . Upon CCl 4 treatment, clear reporter activity (peaking at day 5 to 6) occurred in groups of small cells near the bile ducts clearly distinguishable from neighbouring hepatocytes ( Fig. 1b and Supplementary Fig. 2a-c) . These Lgr5 1 cells expressed Sox9, a relatively broad ductal progenitor marker 10, 12, 13 , but did not express mature hepatocyte or stellate cell markers (Supplementary Fig. 2d-f) . The gene expression profile of CCl 4 -induced Lgr5 Fig. 2g ). Closer comparison with the biliary duct profile revealed that multiple Wnt target genes and multiple intestinal stem cell genes 18 were enriched in liver Lgr5 1 cells (Supplementary  Tables 2 and 3) .
We then aimed to visualize the progeny of liver Lgr5 cells by lineage tracing. The Lgr5-EGFP-IRES-creERT2 allele 1 is permanently silenced in liver. Therefore, we generated a new Lgr5 allele by inserting the IRES-creERT2 cassette into the 39 untranslated region (UTR) of the Lgr5 locus rather than in the first exon ( Supplementary Fig. 3a) , and we crossed these mice with the Rosa26-lacZ reporter 19 . After a single tamoxifen injection, lineage tracing events were readily detected in the intestine, validating this allele ( Supplementary Fig. 3b ). Adult offspring were treated with CCl 4 and 5 days later Cre activity was activated by tamoxifen. Two days after tamoxifen induction, groups of small, proliferative LacZ 1 cells became visible that evolved into fully mature hepatocytes from two days later onwards (Fig. 1c) . Because CCl 4 induces central vein damage, we also tested two 'oval cell response' models: MCDE (methionine choline-deficient diet supplemented with ethionine) 20 and DDC (3,5-diethoxycarbonyl-1,4-dihydrocollidine) 21 . In both models, lineage tracing from Lgr5 cells was readily detected in hepatocytes and biliary ducts ( Fig. 1d and Supplementary Fig. 3d-f ). In the absence of liver damage, no tracing events were detected in the livers of mice with the same genotype ( Supplementary Fig. 3c ). Similar tracing data have been reported for Foxl1 (refs 11, 13) .
Given the expression of the Wnt-dependent Lgr5 stem cell marker, we reasoned that adult liver progenitors could possibly be expanded from the ductal compartment under our previously defined organoid culture conditions 2, 4 . Previously established liver culture methods typically yield cell populations that undergo senescence over time 10, 13, [22] [23] [24] unless the cells are transformed. To establish liver progenitor cultures, biliary duct fragments were embedded in Matrigel containing the 'generic' organoid culture factors epidermal growth factor (EGF) and Rspo1 4 , to which Fgf10, HGF and nicotinamide (expansion medium, EM) were added. Virtually all fragments formed cysts that grew into much larger liver organoids ( Supplementary Fig. 4a , b) expressing Lgr5 and ductal markers ( Supplementary Fig. 4c ). Without EGF, Rspo1 or nicotinamide, the cultures deteriorated within one to two passages ( Supplementary Fig. 4d ). Cultures have been maintained more than 12 months by weekly passaging at a 1:8 ratio. We then initiated single-cell (clonal) cultures from Lgr5-LacZ 1 cells, FACS sorted from Lgr5-lacZ mice previously induced with a single dose of CCl 4 (Fig. 2a, b) . Sorted cells cultured in our defined expansion medium conditions rapidly divided and formed cyst-like structures that were maintained for more than 8 months by weekly passaging at a 1:8 ratio ( Fig. 2c and Supplementary Fig. 5e ). Karyotypic analysis of both clonal and bulk cultures, revealed that most cells (,85%) harboured normal chromosome numbers, even at 8 months ( Supplementary Fig. 4e) , consistent with the ,25% level of aneuploidy in young adult mouse liver 25 . Importantly, secondary cultures from Lgr5-lacZ 1 cells could also be established and expanded for more than 4 months in culture ( Supplementary Fig. 5a-e) .
To assess the lineage potential of Lgr5 cells, we performed gene expression profiling of clonal organoids. Microarray analysis revealed that clonal organoid expression profiles resembled adult liver. Lgr5 and progenitor markers such as Sox9, Cd44 and Prom1 (ref. 10) were highly upregulated. The clonal organoids expressed multiple hepatocyte-lineage markers as well as bile duct markers, revealing that single Lgr5 cells are bipotential ( Supplementary Fig. 6a-f) . Markers of mature hepatocytes were only weakly expressed or absent ( Supplementary  Fig. 7a , EM column).
Marker analysis suggested that the culture conditions were biased towards induction of a biliary cell fate. To induce hepatocyte maturation in vitro, we defined a differentiation medium (DM). Inhibition of Notch and TGF-b signalling, both implicated in biliary cell fate determination in vivo 26, 27 , induced the expression of ,200 genes. These included Tbx3, Pparg and Bmp2, genes essential for liver maturation [27] [28] [29] , as well as mature hepatocyte markers such as Cyp3a11, Fah, G6pc and Alb ( Supplementary Fig. 7a, b) . We also observed induction of a set of genes involved in cholesterol and lipid metabolism, as well as genes encoding p450 cytochromes (Supplementary Fig. 7c, d) . Accordingly, the progenitor profile was shut down, as indicated by downregulation of Lgr5 ( Supplementary Fig. 7a , DM column). Immunofluorescent staining revealed the expression of Hnf4-a and albumin, as well as the basolateral membrane protein Mrp4 (also known as Abcc4) and the tight junction protein ZO-1 (also known as Tjp1) (Fig. 3a-d ). Up to 33% of the cells were positive for the hepatocyte marker OC2-2F8 and displayed high granularity by 
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flow cytometry analysis, a feature of mature hepatocytes (Fig. 3d and Supplementary Fig. 7e ). Binucleation, a hallmark of hepatocyte maturation, was also detected (Supplementary Fig. 7f ). Of note, the ductal phenotype was not fully abolished, as patches of Krt19-positive cells remained present (Fig. 3d) . The differentiated organoids were subjected to several tests for hepatocyte function. Around 90% of the cells were competent for low-density lipoprotein (LDL) uptake (Fig. 3e, f) and accumulated glycogen (Fig. 3g) . Abundant amounts of albumin were secreted into the medium (Fig. 3h) , while hepatocyte cytochrome p450 function was induced (Fig. 3i ). Yet, these in vitro functions remained less pronounced than those of freshly isolated hepatocytes.
We then transplanted organoids from three independent clones into fumarylacetoacetate hydrolase (Fah 2/2 ) mutant mice, a model for tyrosinemia type I liver disease. Fah deficiency results in liver failure unless the mutant mice are administered NTBC (2-(2-nitro-4-trifluoro-methylbenzyol)-1,3-cyclohexanedione) 30 . Organoids derived from single Lgr5 1 cells expanded in expansion medium were cultured in differentiation medium for 9 days and cell suspensions were injected intrasplenically in the mice (Fig. 4a) . At 2 to 3 months post-transplantation, we analysed engraftment by Fah staining on serial sections of the entire liver of 15 recipient mice. We found Fah 1 nodules (Fig. 4b  and Supplementary Fig. 9a-d) , which occupied ,1% of the liver parenchyma, in two out of five mice transplanted with clone I and two out of five mice transplanted with clone III. For clone II, we only detect Fah 1 hepatocytes in one out of five mice analysed, in an area that occupied 0.1% of the total liver volume.
The histological results were confirmed by PCR analysis for the donor-cell gene lacZ (Supplementary Fig. 9e ). Histological analysis revealed that the Fah 1 patches consisted of cells with hepatocyte morphology, Hnf4-a positive and Krt19 negative cells (Fig. 4c, d ). This indicated that in vivo the cells had acquired a fully mature hepatocyte phenotype, while silencing any remaining ductal expression. No fusion of organoid cells with host hepatocytes was observed (Supplementary Fig. 9f ) and to the non-transplanted controls (Fig. 4e) . We observed a significant increase in survival of the graft 1 group compared to the graft 2 group (log rank 5 0.02) and to the nontransplanted group (log rank 5 0.007), indicating that the transplanted cells contributed to liver function in vivo. Unlike typical results obtained upon transplantation of freshly isolated hepatocytes, in which .30% of the liver repopulates and functional rescue is near 100% 30 , we did not observe a full rescue of the enzymatic defect, in concordance with the limited contribution of the transplanted areas to the overall liver volume. Such rescue will depend on further optimization of the differentiation and transplantation protocols. Competitive transplantation assays comparing normal hepatocytes to a, Hnf4-a (red), albumin (Alb) (green) and EpCAM (grey). b, Mrp4 (green). c, ZO-1 (magenta). d, Alb (red), Krt19 (magenta) and hepatocyte surface marker OC2-2F8 (green, full description of OC2-2F8 marker in Supplementary  Fig. 8 ). Nuclei were counterstained with Hoechst (blue). Scale bar, 50 mm (a, d) and 25 mm (b, c). e, f, Low-density lipoprotein (LDL) uptake was analysed using Dil-ac-LDL fluorescent substrate (red) in cultures maintained in expansion medium (EM) (e) or differentiation medium (DM) (f) for 14 days. Only cultures maintained in differentiation medium incorporated the substrate (red). Nuclei were counterstained with DRAQ5 (blue). Scale bar, 50 mm. g, Glycogen accumulation was determined by periodic acid-Schiff (PAS) staining in organoids grown in expansion medium or differentiation medium for 10 days. Graph shows the percentage of cells weakly or strongly positive for PAS. Results are shown as mean 6 s.e.m. of 10 independent sections of 10 expansion medium or 10 differentiation medium independent organoids. Original magnification 320. h, Albumin (Alb) secretion was measured in the supernatant collected for 24 h from clonal cultures maintained in expansion medium for 13 days or differentiation medium for 8 days (DM-d8) or 13 days (DM-d13 , n 5 9) and non-transplanted control mice (black curve, non-transp., n 5 4). Plot displays the cumulative survival on a linear scale with 1.0 representing 100% survival. Kaplan-Meier survival analysis compares overall survival rates between two groups. Log-rank test is used to compare differences in survival. *, log-rank 5 0.02 (graft 1 versus graft 2 ), log-rank 5 0.007 (graft 1 versus non-transp.). 1 cells into transplantable organoids. The Rspo1-Lgr5 axis is crucial to the long-term growth and the observed genetic and phenotypic stability of the resulting organoids. Thus, the Rspo1-Lgr5 axis allows adult stem cells to expand extensively in culture, like embryonic stem cells do. Our observations may serve as the basis for the development of regenerative strategies using adult stem or progenitor cells obtained from solid organs. Because these approaches can be based on the in vitro expansion of a single adult Lgr5 progenitor cell, specific and safe genetic modifications may become feasible. 
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Tracing experiment. Lgr5-IRES-creERT2 mice were crossed with the Rosa26-lacZ Cre reporter mice 19 . Offspring that were 8-12-weeks-old received tamoxifen (3 mg), and the mice were analysed at day 9 and day 45 post-induction. Following validation of the new allele, Lgr5-IRES-creERT2 3 Rosa26-lacZ offspring were given an intraperitoneal injection of 1ml kg 21 CCl 4 diluted in corn oil or corn oil alone and 5 days later received a single dose of tamoxifen (3 mg per mouse). Mice were killed 2, 4, 7 and 21 days later and tissue was analysed for the presence of tracing events. To evaluate the oval cell damage response, Lgr5-IRES-creERT2 3 Rosa26-lacZ offspring were fed with a DDC or MCDE diet and 4 and 6 days later given a 3 mg i.p. injection of tamoxifen. For ethical reasons, 2 days after the last dose of tamoxifen (day 8 after diet initiation), the mice were returned to normal diet until death. Mice were killed 9 and 21 days after the first tamoxifen injection. Liver organoid cell culture and single cell culture. Biliary ducts were isolated from the bulk of the tissue by collagenase-aided dissociation (Collagenase type XI 0.012%, dispase 0.012%, FBS 1% in DMEM medium). Isolated ducts were mixed with Matrigel (BD Bioscience) and seeded and cultured as described previously 2, 4 . After Matrigel formed a gel, culture medium was added. Culture medium was based on AdDMEM/F12 (Invitrogen) supplemented with B27 and N2 (both Invitrogen), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 10 nM gastrin (SigmaAldrich) and the following growth factors: 50 ng ml 21 EGF (Peprotech), 1 mg ml 21 Rspo1 (Nuvelo) or 10% RSPO1 conditioned medium (provided by C. Kuo and prepared as in ref. 31) , 100 ng ml 21 Fgf10 (Peprotech), 10 mM nicotinamide (Sigma-Aldrich) and 50 ng ml 21 HGF (Peprotech). For the first 4 days after seeding, the cells were also supplemented with Noggin (100 ng ml
21
) and Wnt3a-conditioned medium (prepared as in ref.
2). One week after seeding, organoids were removed from the Matrigel, mechanically dissociated into small fragments, and transferred to fresh Matrigel. Passage was performed in 1:4-1:8 split ratio once per week for more than 12 months.
For clonogenic assays, single-cell suspensions from either established cultures or from liver tissue from Lgr5-lacZ mice treated with corn oil or Lgr5-lacZ mice and wild-type littermates injected with CCl 4 were stained with DetectaGene green CMFDG (5-chloromethylfluorescein di-b-D-galactopyranoside) LacZ gene expression kit (Molecular Probes) according to the manufacturer's instructions. Wild-type littermates and Lgr5-lacZ littermates treated with corn oil only were used to facilitate cell subfractioning and exclusion of nonspecific staining. Propidium iodide staining was used to label dead cells and FSC pulse-width gating to exclude cell doublets (MoFlow, Dako). Sorted Lgr5-lacZ cells were embedded in Matrigel and seeded in 96-well plates at a ratio of one cell per well. Cells were cultured as described above with medium supplemented with Y-27632 (10 mM, Sigma-Aldrich) for the first 4 days. Passage was performed in split ratios of 1:4-1:8 once per week for at least 8 months. All phase-contrast images were acquired using a Leica DMIL microscope and a Leica DFC420C camera. Hepatocyte differentiation. To enhance hepatocyte cell fate, Lgr5-lacZ singlecell-derived liver organoids were seeded and kept 2-4 days under the liver expansion conditions described previously. Then the medium was changed to no longer contain Rspo1, HGF and nicotinamide and instead to contain EGF (50 ng ml 21 ), Fgf10 (100 ng ml 21 ), A8301 (50 nM, Tocris Bioscience) and DAPT (10 nM, Sigma-Aldrich). For transplantation and in vitro functional studies, cultures were also supplemented with dexamethasone (30 mM) for the last 3 days of the differentiation. Medium was changed every other day for a period of 9 to 14 days. b-galactosidase (LacZ) staining, immunohistochemistry and immunofluorescence. Tissues were fixed for 2 h in ice-cold fixative (1% formaldehyde; 0.2% glutaraldehyde; 0.02% NP40 in phosphate buffered saline (PBS) and incubated overnight at room temperature with 1-2 mg ml 21 of X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactoside) solution as described in ref. 2. The stained tissues were transferred to tissue cassettes and paraffin blocks were prepared using standard methods. Tissue sections (4 mM) were prepared and counterstained with neutral red. For immunohistochemistry, tissues and organoids were fixed using 4% formaldehyde, and stained using standard histology techniques as described in ref. 2 . The antibodies and dilutions used are listed in Supplementary Table 4 . Stained tissues were counterstained with Mayer's hematoxylin. Pictures were taken with a Nikon E600 camera and a Leica DFDC500 microscope. For wholemount immunofluorescent staining, organoids were processed as described in ref.
2. Nuclei were stained with Hoechst 33342 (Molecular Probes). Images were acquired using a confocal microscope (Leica, SP5). Karyotyping of liver cultures. Organoid cultures in exponential growing phase were incubated for 16 h with 0.05 mg ml 21 colcemid (Gibco). Then cultures were washed and dissociated into single cells using TrypLE express (Gibco) and processed as described in ref. 25 . Chromosomes from 100 metaphase-arrested cells were counted. Hepatocyte functional studies. To assess glycogen storage and LDL uptake, liver organoids grown in expansion medium or differentiation medium for 14 days were stained by periodic acid-Schiff (PAS, Sigma) and DiI-Ac-LDL (Biomedical Technologies), respectively, following the manufacturer's instructions. To determine albumin secretion, liver organoids were differentiated as described. Culture medium was changed every other day and culture supernatant was collected at days 8 or 13 after differentiation started. In all cases culture medium was collected 24 h after the last medium change. Isolated hepatocytes (by classical collagenase perfusion) and MEFs were cultured for 24 h in the same medium without growth factors and were used as positive and negative controls, respectively. The amount of albumin in culture supernatant was determined using a mouse-specific albumin ELISA kit (Assaypro). To measure Cyp3a activity the cultures were differentiated for 12-14 days as described. On the day of the experiment, cells were removed from the Matrigel and transferred to non-attaching plates and cultured with the Luciferin-PFBE substrate (50 mM) in hepatozyme medium supplemented with 10% FBS (Gibco). As controls, hepatocytes (isolated from Bl6 mice by classical collagenase perfusion) HepG2 cells (ATCC) and MEFs were cultured for 24 h in DMEM 10% FBS and on the day of the experiment transferred to hepatozyme medium supplemented with 10% FBS (Gibco) and luciferin-PFBE substrate (50 mM). Cytochrome P450 activity was measured 8 h later using the P450-Glo assay kit (Promega) according to the manufacturer's instructions. Flow cytometry analysis. Exponentially growing organoids derived from a single Lgr5-lacZ cell were cultured for 9 days in differentiation medium. Then organoids were dissociated into single cells, resuspended in DMEM plus 2% fetal bovine serum (FBS) and incubated with OC2-2F8 hybridoma supernatant (described in Supplementary Fig. 8 ) for 30 min. APC-conjugated goat anti-rat immunoglobulin adsorbed against mouse serum proteins was used as a secondary antibody (Jackson Immunoresearch). Cells were analysed with a Cytopeia inFluxV-GS (Becton Dickinson); for FSC, propidium iodide was used to label dead cells for exclusion and pulse-width gating used to exclude cell doublets. Microarray analysis. For the expression analysis, total RNA was isolated from cultured organoids in expansion medium or differentiation medium and from mouse adult liver, pancreas, newborn white adipose tissue, brown adipose tissue, muscle, FACS-sorted Lgr5 1 cells, ductal cells and hepatocytes using RNAase kit (Qiagen) following the manufacture's instructions. From 50 ng to 1,000 ng of total RNA were labelled with low RNA Input Linear Amp kit (Agilent). Universal mouse reference RNA (Agilent) was differentially labelled and hybridized to the tissue or cultured samples. A 4 3 44 K whole mouse genome dual colour microarray (G4122F, Agilent) was used. Labelling, hybridization and washing were performed according to Agilent guidelines. Microarray signal and background information were retrieved using the Feature Extraction program (V.9.5.3, Agilent). Normalized data were analysed by hierarchical clustering using Cluster 3 and visualized with TreeView. A filter of .threefold difference in at least two arrays was chosen for CCl 4 liver treated microarray (Fig. 1c) and Lgr5 1 cell sorted microarray (Fig. 1g) . A filter of greater than fourfold difference in at least two arrays was chosen for all organoid (EM and DM) microarrays analysed. The data for the microarray analysis have been deposited to the Gene Expression Omnibus under the accession number GSE32210. qRT-PCR. RNA was extracted from cell cultures or freshly isolated tissue using the RNeasy Mini RNA Extraction Kit (Qiagen) and reverse-transcribed using Moloney murine leukaemia virus reverse transcriptase (Promega). cDNA was amplified in a thermal cycler (GeneAmp PCR System 9700, Applied Biosystems) as described in ref. 32 . Primers used are listed in Supplementary Table 5 . Transplantation assay. FRG mice were maintained with 16 mg l 21 of 2-(2-nitro-4-trifluoro-methyl-benzoyl)-1,3 cyclohexanedione (NTBC) in drinking water as described in ref. 30 . For transplantation, three clones (clone I, II and III) derived from two different Lgr5-lacZ mice were grown for at least 3 months. Cultures were kept in liver expansion medium and transferred to differentiation medium 9 days before transplantation. Suspensions of 500, 000 to 800,000 organoid-derived cells were injected intrasplenically to Fah -/-Rag2 -/-Il2rg -/-mice. Kineret/Anakinra (Biovitrum) was added to the cellular suspension at the time of transplant to prevent immunorejection. Mice were given the NTBC drug in drinking water for 4 days following transplantation. Then NTBC was removed and mouse health status and body weight were monitored every other day. Two weeks later, one mouse (clone III) was killed for engraftment analysis purposes. The remaining mice underwent a second round of selection (NTBC was re-administered) after which NTBC was permanently discontinued. For each mouse the end point was set to 20% loss in body weight or when indicated for ethical reasons. FRG littermates injected with freshly isolated hepatocytes or non-transplanted littermates were used as positive and negative controls, respectively. Y-chromosome fluorescent in situ hybridization staining. Y-chromosome staining was performed to exclude fusion of the clones derived from female donor cells into male recipients by using standard FISH techniques as described elsewhere 33 .
Statistics. All data are presented as mean 6 s.e.m. Mann-Whitney non-parametric test was used. P , 0.05 was considered statistically significant. In all cases data LETTER RESEARCH
